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The  reliability  of  adhesive  joints  was  investigated  using  piezo-mechanical 
actuation.  Adhesive  joints  are  used  in  a  wide  variety  of  applications,  and  their  integrity 
and  reliability  under  cyclic  thermo-mechanical  loads  are  of  particular  importance  in 
structural  and  microelectronics  applications.  With  the  increasing  use  of  active  materials 
such  as  piezo-ceramics  in  composite  structural  applications  for  active  control,  e.g.,  [1], 
the  integrity  of  the  adhesive  bond  between  the  active  material  and  structure  has  become  a 
key  issue.  Therefore,  one  of  the  motivations  of  this  work  was  to  investigate  the 
characteristics  and  behavior  of  such  joints  under  cyclic  loads.  Another  purpose  of  this 
work  was  to  help  characterize  and  understand  the  fatigue  behavior  of  solder  joints  used  in 
microelectronics  where  thermomechanical  stresses  are  a  key  concern. 

The  AFOSR-sponsored  work  focused  on  characterizing  the  behavior  of  various 
types  of  solder  joints  using  piezo-mechanical  actuation.  Solder  joints  play  a  very 
important  role  in  microelectronics  packaging,  providing  electrical  and  mechanical 
connections  between  different  components,  and  thus,  their  reliability  is  a  key  concern.  It 
is  well-known  that  the  main  failure  mechanism  of  solder  joints  is  thermally- induced 
fatigue,  e.g.,  [2],  However,  solder  joints  generally  undergo  both  time-dependent  and 
temperature-dependent  processes  under  thermo -mechanical  loads  that  complicate  their 
behavior,  making  accurate  life  predictions  very  difficult,  e.g.,  [3].  The  reliability  of 
solder  joints  is  generally  demonstrated  via  extensive  testing.  Commonly  used  accelerated 
testing  methods  are  thermal  cycling  and  mechanical  cycling  ,  e.g.,  [4].  However,  for 
thermal  cycling,  in  order  to  achieve  thermal  equilibrium  in  each  cycle,  testing  must  be 
performed  at  slow  rates  with  sufficient  hold  times,  and  for  mechanical  testing,  the  applied 
stress  and  strain  states  do  not  exactly  replicate  the  thermo-mechanical  loads  in  actual 
solder  joints.  Piezo-mechanical  actuation  is  an  attractive  alternative  method  for 
accelerated  testing  because  the  deformation  of  piezo-ceramic  materials  under  an  electric 
field  is  similar  to  thermally- induced  deformation  of  conventional  materials  and  testing 
can  be  performed  at  a  faster  rate.  The  feasibility  of  piezo-mechanical  actuation  for  solder 
joint  characterization  was  demonstrated  in  a  previous  investigation  where  cracks  in  the 
solder  layers  were  induced  in  bonded  piezo-ceramic  joints  [5].  The  current  work  sought 
to  build  on  this  previous  work  and  provide  a  robust  methodology  for  accelerated  testing 
of  solder  joints  using  piezomechanical  actuation  and  a  better  understanding  of  the 
temperature  and  time-dependent  effects  that  exist  in  many  solder  joint  applications. 
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EXPERIMENTAL  APPROACH 


The  active  piezo-mechanical  joint  consists  of  a  three  layer,  double  lap  joint  piezo-stack 
using  lead-zirconate-titanate  (PZT)  5H  and  solder  alloy,  as  shown  in  Figure  1.  By 
applying  an  appropriate  combination  of  DC  and  AC  voltages  at  the  top  and  bottom 
surfaces  of  each  piezo  layer,  the  layers  can  be  actuated  such  that  the  two  outer  layers 
deform  out-of-phase  relative  to  the  middle  layer.  This  causes  shear  stresses/strains  in  the 
solder  joints.  An  illustration  of  the  actuation  scheme  is  shown  in  Figure  2.  The  double¬ 
lap  geometry  and  actuation  scheme  allows  stress  and  strain  levels  similar  to  those  that 
would  be  achieved  in  conventional  thermal  cycling  of  joint  between  two  adherends  with 
different  thermal  expansion  coefficients,  in  addition  to  eliminating  bending  of  the  piezo¬ 
stack. 


Figure  1.  Schematic  of  specimen  design  and  relative  potentials  of  layers. 
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Figure  2.  Schematic  of  actuation  scheme. 

From  preliminary  experimental  work,  it  was  found  that  actuation  levels  attainable 
via  piezoelectricity  in  the  current  active  piezo-mechanical  joint  are  relatively  low 
compared  to  mechanical  and  thermal  cycling.  This  is  principally  due  to  dielectric 
breakdown,  due  to  surface  conduction  paths,  and  the  presence  of  moisture  in  the  air.  To 
improve  this  situation  a  new  specimen  holder  was  developed,  which  could  be  immersed 
in  silicone  oil.  This  improved  the  breakdown  characteristics  considerably,  and  has 
allowed  electric  field  strengths  to  be  achieved  which  are  nearly  double  those  achieved  in 
the  earlier  studies  [5].  The  oil  is  sufficiently  transparent  that  damage  evolution  can  be 
monitored  in  situ.  Also,  immersion  in  oil  has  the  advantage  of  improving  the  heat 
transfer  characteristics  so  that  more  accurate  temperature  control  can  be  achieved.  A 
picture  of  the  test  fixture  is  shown  in  figure  3. 


Electrical  contacts 

Figure  3.  Improved  specimen  holder  in  which  specimen  is  immersed  in  silicone  oil  to 
prevent  dielectric  breakdown 
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Figure  4.  S-N  data  for  piezo-actuated  fatigue  at  two  frequencies,  compared  with 
thermomechanical  fatigue  results  from  the  literature. 

EXPERIMENTAL  RESULTS 

Using  this  improved  fixture  new  data  was  obtained  for  the  fatigue  behavior  of 
eutectic  Sn-Pb  using  the  active  piezo-mechanical  joint  under  various  test  conditions.  Data 
was  obtained  in  the  form  of  S-N  curves  (figure  4).  Observations  of  crack  initiation  and 
growth  were  consistent  with  those  of  previous  work  and  were  also  very  similar  to  results 
obtained  from  thermal  cycling  of  solders  between  substrates  with  a  thermal  expansion 
mismatch  [4],  Significant  diffusion  of  the  gold  used  to  promote  wetting  and  adhesion  of 


the  solder  to  the  piezo-substrates  were  observed,  coupled  with  grain  growth  (figure  5). 
Fatigue  cracks  tended  to  initiate  at  voids  and  then  propagated  stably  over  several 
millimeters  of  the  joints  (figures  6).  In  many  cases  fracture  initiated  at  voids  or  free 
edges  in  a  cohesive  mode  and  then  propagated  adhesively  at  the  interface  between  the 
solder  and  the  metallized  piezo-ceramic  as  shown  in  figure  7.  In  some  cases  fracture  of 
the  piezoceramics  occurred,  presumably  due  to  the  evolution  of  bending  stresses  due  to 
asymmetric  crack  growth. 
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Figure  5.  Micrographs  showing  grain  growth  and  evidence  of  gold  diffusion  between  a 
solder  joint  (a)  before  cycling  and  (b)  after  4,000  fatigue  cycles. 
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Figure  6.  Micrographs  showing  the  initation  of  fatigue  cracks  at  voids  and  their 
subsequent  stable  growth. 
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Figure  7.  Micrographs  showing  the  initiation  of  fatigue  cracks  at  voids  and  their 
subsequent  stable  growth. 

MODELING 

A  shear  lag  model  was  developed  which  modeled  the  piezo-ceramic  layers  as  piezo¬ 
elastic  and  the  solder  as  a  perfectly  plastic  material  capable  of  transmitting  shear  at  its 
yield  stress  Ty.  This  model  was  compared  to  experimental  results  obtained  by  digital 
image  correlation.  A  commercial  system  was  employed  to  obtain  in  situ  displacement 
and  hence  strain  fields  of  the  deformed  and  undeformed  piezo-fatigue  specimens.  Figure 
8  shows  the  regions  mapped  and  the  resulting  displacement  distribution.  This 
information  was  then  used  to  compare  with  the  shear  lag  model.  A  finite  element  model 
was  also  developed  for  further  comparison.  Strain  distributions  between  the  two  models 
and  the  experimental  data  are  compared  in  figure  10.  Reasonable  agreement  is  obtained 
between  both  models  and  the  experimental  data  near  the  free  edge  of  the  specimen. 
Further  away  from  the  free  edge  the  agreement  is  less  good.  The  finite  element  model 


and  shear  lag  model  predict  similar  trends.  Further  analysis  of  the  boundary  conditions 
imposed  by  the  specimen  holder  suggested  that  these  play  a  role  in  defining  the  strain 
distributions  observed  in  experiments.  A  revised  finite  element  model  (Figure  10)  was 
constructed  which  included  the  constraining  effect  of  the  electrical  contacts.  This  model 
generated  strain  distributions  along  the  line  of  the  solder  joint  as  shown  in  figure  11 
which  were  closer  to  those  observed  in  the  experiments,  suggesting  that  the  constraint 
imposed  by  the  electrical  contacts  is  indeed  significant. 
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Figure  8.  (a)  Reference  image  for  digital  image  correlation  and  (b)  resulting 

displacement  map  of  a  deformed  specimen. 


Figure  9.  Comparison  of  strain  distributions  predicted  by  the  shear  lag  model,  finite 
element  model  and  experimental  data  obtained  by  digital  image  correlation. 


Figure  10.  Revised  finite  element  model  including  the  effect  of  constraint  imposed  by 
the  electrical  contacts. 
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Figure  11.  Comparison  of  the  revised  finite  element  model,  including  the  effect  of 
constraint  imposed  by  the  electrical  contacts  and  experimental  data. 

Two  approaches  to  life  prediction  were  via  the  use  of  analytical  and  finite  element 
models.  The  analytical  model  provides  a  simple  and  efficient  means  to  verify  and 
validate  experimental  measurements,  while  the  finite  element  method  provides  a  more 
accurate  analysis.  The  analytical  model  consists  of  the  shear  lag  model  utilizing  a 
constant  shear  stress  for  the  solder.  This  can  then  be  used  to  evaluate  the  plastic  strain 
range  and  life  prediction  achieved  using  a  conventional  or  modified  Coffin-Manson 
model.  The  finite  element  model  has  an  embedded  cohesive  damage  zone  model  to 
describe  the  crack  growth  in  the  solder  via  traction-separation  laws,  e.g.,  [6,7],  The 
traction-separation  law  has  been  calibrated  using  literature  data  from  thermal  cycling 
tests.  The  calibrated  cohesive  zone  model  has  been  applied  to  the  piezo-mechanical  data 
of  figure  4,  and  a  good  agreement  obtained,  as  shown  in  figure  12.  A  journal  paper  on  the 
cohesive  zone  modeling  effort  has  been  published  [8].  A  journal  paper  providing  an 
overall  summary  of  the  experimental  and  modeling  work  has  been  accepted  for 
publication  [9] 
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Figure  12.  S-N  data  for  thermal  fatigue  and  piezo-fatigue  of  Pb-Sn  eutectic  solders  with 
the  Cohesive  Zone  Model  superimposed. 

The  utility  of  this  work  for  microelectronics  applications  is  that  it  provides  the 
basis  for  use  of  piezo  mechanical  actuation  for  accelerated  testing  to  assess  the  durability 
and  reliability  of  solder  joints,  in  addition  to  providing  new  insights  into  their  fatigue 
characteristics.  This  is  particularly  useful  and  relevant  at  the  present  time  given  the 
increasing  trend  of  using  lead-free  solders  due  to  environmental  concerns  in  lead-based 
solders.  An  efficient  and  reliable  accelerated  testing  method  based  on  piezo-mechanical 
actuation  would  be  of  great  benefit  in  characterizing  new  types  of  solder  alloys.  Overall, 
the  use  of  piezo-mechanical  actuation  for  durability  and  reliability  of  adhesive  joints  has 
great  potential  for  use  in  a  wide  range  of  problems  in  aerospace  structures, 
microelectronics  and  microelectromechanical  systems  (MEMS)  packaging  where  thermo¬ 
mechanical  fatigue  is  an  issue.  The  work  conducted  in  this  project  has  established  the 
foundations  for  the  utilization  of  piezo-mechanical  actuation  for  generic  adhesive 
materials. 

PROJECT  ACHIEVEMENTS 

1.  Established  the  use  of  piezo-generated  fatigue  loading  as  an  analogue  for 
thermomechanical  fatigue  loading  of  adhesive  joints.  Equivalence 
established  via  comparison  of  S-N  data  and  equivalence  of  local  strain 
distributions. 

2.  Development  of  life-prediction  modeling  techniques,  including  the  effects  of 
damage  accumulation  as  a  function  of  cycling  and  temperature.  These  will 
have  utility  in  conjunction  with  accelerated  test  methods. 


3.  Integration  of  a  suite  of  experimental  techniques  that  will  allow  accelerated 
testing  of  solders  and  other  adhesives  for  which  thermo  mechanical 
durability  is  an  issue. 

4.  Identification  of  the  importance  of  local  boundary  conditions  and  defects  in 
determining  the  lifetime  of  solder  joints.  This  implies  that  detailed  design 
can  have  a  significant  effect  on  component  life  as  well  as  process  control. 

5.  Two  journal  papers  have  been  published  directly  stemming  from  this  work. 

6.  Dr.  Dong  Jin  Shim,  the  post  doctoral  researcher  working  on  the  project  has 
been  hired  to  a  permanent  position  by  the  General  Electric  Corporation  and 
now  works  at  their  research  center  in  Schnectady. 
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